INTRODUCTION {#SEC1}
============

Transposable elements (TEs) are DNA fragments that can move and amplify in the genome. With rare exception, TEs constitute a large fraction of plant and animal genomes. The majority of TEs are held in check by the host surveillance system, i.e. epigenetic silencing. Despite their contribution to genome size variation, it was hypothesized that the majority of TEs do not have a function although examples of domesticated TEs suggest that some TEs have evolved and are functional ([@B1]). Indeed, TE domestication has been reported in animals and plants. In jawed vertebrates, the RAG1 and RAG2 proteins in the V(D)J recombination machinery were derived from an ancient transposon of the *Transib* superfamily ([@B2]). In *Arabidopsis thaliana*, the *FHY3* and *FAR1* genes regulate phytochrome A signaling and were derived from *Mutator*-like transposases (MULEs) ([@B3]). Sequence exaptation from other TE families, as shown by the overexpression of *DAYSLEEPER*, a *hAT*-like transposase, alters expression of many other genes thereby implicating a role for TEs in regulation of global gene expression ([@B6]). Aside from exaptation of the entire transposase, computational analyses demonstrated that partial TE sequences have been incorporated into protein-coding genes. In *Arabidopsis thaliana*, 7.8% of expressed genes contained sequences from TEs while 1.2% had translation evidence suggesting the exonization of TEs ([@B7]). Similarly, the RNA *Alu* TE elements in human are present in ∼10% of mature mRNAs ([@B8]). The extent of domesticated TEs, including entire or partial TE sequences in plant and animal genomes suggests that TEs have the potential to have an active role in gene evolution.

TEs are also capable of duplicating/capturing normal genes, a process termed transduplication. This phenomenon has been reported for almost all major TE families in plants, albeit the frequency varies among TE families ([@B9]). Gene duplication by TEs is significant as it has the potential to affect the expression level of the parental gene (the gene from which it is derived). Novel genes can also be created by TE transduplication thereby contributing to the overall gene reservoir of a species. Several TE families, including both DNA transposons and retrotransposons (RNA transposons), are associated with frequent transduplication. In rice, there are a total of 1235 retrogenes that were created by retrotransposons, and a large portion of the retrogenes (42%) have recruited new exons from flanking sequences, leading to the formation of chimeric open reading frames ([@B13]). Using homology and structure-based approaches, it was estimated that over 60% of the 1194 intact Helitrons in maize have acquired fragment(s) of nuclear genes ([@B12]). A more recent study demonstrated that Helitrons generated ∼11 000 new transcripts in the maize genome; some were chimeric transcripts from different captured genes whereas other transcripts were derived from transcriptional fusion events with nuclear genes in their vicinity ([@B14]). Pack-MULEs, belonging to the MULE family, exhibit abundant gene-capture events with ∼3000 Pack-MULEs which have captured over 1500 gene/gene fragments annotated in the Nipponbare rice reference genome ([@B9],[@B15],[@B16]). A previous study using full-length cDNA sequences, Massively Parallel Signature Sequencing data, and proteomic data revealed that 22% of rice Pack-MULEs were transcribed and a mere 1% were translated ([@B15]). Although these datasets were incomplete with respect to coverage of the rice transcriptome and proteome, they indicate that a subset of Pack-MULEs may be functionally relevant.

Within a genome, TEs and protein-coding genes typically bear distinct epigenetic marks and states of chromatin ([@B17]). While TEs are usually highly methylated in all cytosine contexts (i.e. CG, CHG and CHH), protein-coding genes are rarely methylated. Interestingly, ∼33% of expressed protein-coding genes in *A. thaliana* are highly methylated in the CG context within the gene body but not in their promoter regions suggesting differential roles of CG methylation in promoters vs. gene bodies ([@B21]). A recent study showed differential methylation levels between the terminal inverted repeat and internal regions of *Mutator*-like transposable elements which capture ectopic genomic sequences ([@B22]). TEs are often enriched in repressive histone marks (e.g. H3K9me2) and depleted in active histone marks (e.g. H3K4me3) ([@B23]), the opposite pattern observed in actively transcribed protein-coding genes. Thus, epigenetic features such as DNA methylation and histone marks are likely to have a role in the formation, evolution, and regulation of sequences derived from these elements. With access to significant improvements in genomics technology, throughput, and resolution, we assessed the transcription, translation, epigenetic and chromatin state of rice protein-coding genes, Pack-MULEs, and their parental genes to understand the impact of gene-capture by TEs at the whole genome level and provide insight into their evolution. Our results indicate that a subset of Pack-MULEs are associated with signatures of active protein-coding genes including bearing active histone marks, enrichment of DNase I hypersensitive sites (DHSs), low DNA methylation, and exhibiting a high frequency of transcription and translation, suggesting that these Pack-MULEs have the potential to contribute to the functional components of the rice genome. In addition, we demonstrate that Pack-MULEs may have influenced the chromosomal base composition and expression patterns in the rice genome.

MATERIALS AND METHODS {#SEC2}
=====================

Pack-MULEs, protein-coding and other TE gene datasets used in this study {#SEC2-1}
------------------------------------------------------------------------

Genome features analyzed in this study are depicted in Figure [1](#F1){ref-type="fig"}. The annotated Pack-MULEs (2967, [Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}) in the rice Nipponbare genome were described previously ([@B16]) with an additional 43 newly identified Pack-MULEs in this study. Protein-coding (39 049) and TE (16 937) gene sets (MSU Release 7) were downloaded from The Rice Genome Annotation Project ([@B24]). A manually curated custom rice repeat library was generated and used to mask the cDNA sequences of all protein-coding genes. A protein-coding gene was excluded if over half of its cDNA sequence was masked by repeat sequences, or if it overlapped with Pack-MULE sequences. The filtered protein coding genes (34 498) were further separated into 'Pack-MULE parental genes' from which Pack-MULEs acquire sequences (1560) and 'other protein- coding genes' (32 938). The cDNA sequences of the 16 937 TE genes were also masked by the custom repeat library, and if 50% or more of the cDNA sequence was masked, the relevant gene was confirmed as a TE gene, which led to 15 461 'other TE genes'. Auto-MULEs (476 MULEs that contain entire or partial transposase sequence) were obtained from a previous study ([@B25]). LTR/gypsy elements were from a previous study ([@B26]).

![Transposable elements (TEs) and protein-coding genes used in this study. (**A**) TE and protein-coding gene datasets and their relationship. Numbers in parenthesis are the size of each dataset. (**B**) Diagram of the structure of an auto-MULE, a Pack-MULE and its parental genes, and an LTR gypsy retrotransposon. Colored boxes denote open reading frames and white boxes denote non-coding regions; introns are depicted as 'V' shape lines connecting colored boxes. Black triangles denote terminal inverted repeats (TIRs) of an auto-MULE and a Pack-MULE, and long terminal repeat (LTR) for LTR/gypsy retrotransposon. Homologous sequences are connected by solid or dashed lines; light blue boxes represent exons where the origin of the sequence is unclear. Red and green arrows indicate transcribed regions and their orientation.](gky025fig1){#F1}

Calculation of expression abundance of different gene datasets {#SEC2-2}
--------------------------------------------------------------

We used a suite of large-scale datasets including 61 203 full-length cDNAs (fl-cDNA) that were downloaded from NCBI and kindly provided by Joshua C. Stein (Cold Spring Harbor Laboratory). This is in addition to 45 mRNA-seq samples of various tissues from different developmental stages, and grown under normal and abiotic/biotic stress conditions, and three TRAP-seq samples from *Oryza sativa* cv. Nipponbare ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). RNA-seq reads were cleaned using Trimmomatic (v0.32) with the parameters LEADING:5 TRAILING:5 SLIDINGWINDOW:4:10 MINLEN:30 ([@B27]). The cleaned reads were then mapped to the Os-Nipponbare-Reference-IRGSP-1.0 pseudomolecules with TopHat (v1.4.1) ([@B28]) using a minimum intron size of 5 bp and a maximum intron size of 15 kb. Transcript abundances were generated for the MSU Release 7 representative gene models using Cufflinks (v1.3.0) ([@B29]) with a GFF3 file.

To provide equivalent estimations of expression between Pack-MULEs and protein-coding genes, the transcribed regions of Pack-MULEs were determined using *ab initio* transcripts predicted using Cufflinks (v1.3.0) ([@B29]). Briefly, the cleaned reads of 13 representative mRNA-seq and three TRAP-seq datasets ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) were aligned to the Os-Nipponbare-Reference-IRGSP-1.0 pseudomolecules using TopHat (v1.4.1) ([@B28]) in the uniquely mapping mode (-g 1) and requiring a minimum intron size of 5 bp and a maximum intron size of 15 kb. *Ab initio* transcripts and their associated genomic features (gtf) were generated using Cufflinks with no reference annotation provided (omitting the --GTF option). Genomic features of transcripts that overlapped with Pack-MULEs were extracted and redundant transcripts were merged requiring a minimum exon length of 40 bp and minimum transcript length of 200 bp to be considered as a valid transcript for a Pack-MULE. A genomic feature file (GFF) was generated for Pack-MULEs with qualified transcripts. For those with no expression in any of the 16 expression datasets used for determination of transcribed regions, the entire regions of those Pack-MULEs were used as the base for calculation of expression abundance. The final GFF file was used to calculate expression abundance of Pack-MULEs using Cufflinks (v1.3.0) ([@B29]).

Analysis of DNase-hypersensitivity sites {#SEC2-3}
----------------------------------------

DNase I hypersensitive sites (DHSs) were from a previous study ([@B30]) and the locations of DHS peaks around each protein-coding or TE gene were categorized into five groups (0.2--1 kb and 0.2 kb of the 5′ flanking sequences, gene/TE body, 0.2 kb and 0.2--1 kb of the 3′ flanking sequences).

Construction of bisulfite-sequencing (BS-seq) and chromatin-immunoprecipitation-sequencing (ChIP) libraries and data analyses {#SEC2-4}
-----------------------------------------------------------------------------------------------------------------------------

Rice cultivar Nipponbare was used for BS-seq and ChIP-seq analyses. For shoot tissue, plants were grown in a greenhouse with a temperature of 32--35°C and 12h light/dark cycle. Immature panicles at late R1 or early R2 growth stage ([@B31]) were harvested from plants grown in irrigated rice fields at Stuttgart, Arkansas in September (∼12 h daylight). Shoot and panicles (≤5 cm in length) were collected for DNA isolation using DNeasy plant mini kit (Qiagen, Hilden, Germany). A total of 5 μg of DNA was fragmented by sonication to a mean size of 250 bp. Sonicated DNA was purified using the MinElute PCR Purification Kit (Qiagen, Hilden, Germany) and eluted twice with 17 μl of EB each. A total of 3 μg of sonicated DNA spiked with fragmented unmethylated lambda DNA at a final concentration of 0.5% (Promega, Madison, WI, USA) was end repaired using the End-It Kit (Epicentre, Madison, WI, USA), followed by 3′-end addition of dA using Klenow (3′→5′ exo^−^) (NEB, Ipswich, MA, USA). A-tailed DNA fragments were ligated with methylated Illumina DNA adapters using LigaFast (Promega, Madison, WI, USA). Ligated DNA ranging from 150 to 220 bp was sized from a 2% agarose gel and purified using MinElute Gel Extraction Kit (Qiagen, Hilden, Germany). The bisulfite conversion of gel purified DNA fragments was conducted according to the manufacturer\'s instruction from EZ DNA methylation-lightning kit (ZYMO Research, Irvine, CA, USA). Bisulfite-treated DNA was PCR amplified with 10--12 cycles using Pfu Turbo Cx hotstart DNA polymerase (Stratagene, Santa Clara, CA, USA) and PE PCR Primer 1.0 (5′-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT) and PE PCR Primer 2.0 (5′-CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT). PCR amplified DNA was purified by running a 2% agarose gel and the resulting BS-seq library was sequenced in paired-end mode on the Illunima HiSeq 2000 and 2500 platforms ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

The BS-seq reads were cleaned using Cutadapt (v1.2.1; -m 41 --q 10) ([@B32]) to remove adapters and low quality bases. The cleaned reads were mapped in single-end mode to the Os-Nipponbare-Reference-IRGSP-1.0 pseudomolecules and methylation calls were generated using Bismark (v0.10.0) ([@B33]) for the CG, CHG, and CHH contexts.

ChIP experiments and barcoded ChIP-seq library preparation were performed following published protocols ([@B34]) using ChIP-grade commercial antibodies against H3K4me3 (07-473, Millipore, MA, USA), H4K12ac (07--595, Millipore, MA, USA), and H3K9me2 (07-441, Millipore, MA, USA). All BS-seq and ChIP-seq libraries were sequenced on the Illumina HiSeq 2000 and 2500 platforms ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The ChIP-Seq reads were cleaned using Cutadapt ([@B32]) (v1.2.1; -m 71 --q 10) to remove adapters and low quality bases. The cleaned reads were mapped using Bowtie (v1.1.0) ([@B35]) to the Os-Nipponbare-Reference-IRGSP-1.0 pseudomolecules with the parameters: -v 2 -k 1 -m 1 --best. Putative ChIP-enriched-regions associated with each histone mark were called with SICER (v1.1) ([@B36]) using a window size of 200 bp and a gap size of 200 bp.

Estimation of recombination rate and pericentromeric regions {#SEC2-5}
------------------------------------------------------------

The recombination rate in rice was adapted from previous studies ([@B37],[@B38]). Recombination rates in exact 2 Mb window (centiMorgan/Mb) except the last window on each chromosome were calculated. If two markers spanned more than 2 Mb sequence, the genetic distance (cM) between them was assigned to each 2 Mb window based on their sequence proportion in each window. The positions (Mb) of centromeres in the rice chromosomes were from the Rice Genome Annotation Project ([@B24]). The pericentromeric regions were defined as regions flanking the centromeres with recombination rate less than 2 cM/Mb. In this way, the pericentromeric regions ranged from 4 to 8 Mb among 12 chromosomes.

Detection of the presence and absence of Pack-MULEs between the genome of Nipponbare and that of other cultivars and wild relatives {#SEC2-6}
-----------------------------------------------------------------------------------------------------------------------------------

In addition to the genome of Nipponbare, five other genomes were used for comparison. The genome assembly of three *indica* cultivars and *O*. *punctata* was downloaded from NCBI. The accession numbers were CM003910--CM003921 for Zhenshan 97, CM003922--CM003933 for Minghui 63, CP018157--CP018168 for Shuhui498 and CM002488--CM002499 for *O. punctata*. The genome assembly of *O. meridionalis* (v1.3) was downloaded from Ensembl Genomes 37 (<https://plants.ensembl.org/Oryza_meridionalis/Info/Index>). The sequence identify cutoff for an orthologous position is 95% for *indica*, 90% for *O. meridionalis* and 85% for *O. punctata* with an *E* value \< 10^−10^ (BLASTN). To detect the presence of Pack-MULEs in these other Oryza genomes, the junction sequence containing both flanking and TIR (100 bp flanking plus 100 bp TIR) from Nipponbare was used to search the other genome. Both the 5′ and 3′ junctions were used for search. If the junction sequence had a match (see above for cutoff requirement) and the alignment between the sequence from Nipponbare and the other genome crossed the junction point, extended at least 30 bp on each side, and was on the same chromosome with the same orientation, the relevant element was considered to be present in the other genome. As the flanking plus element junction is unique, no multiple mapping of junction sites were observed. For the remainder of the Pack-MULE loci, a junction sequence resembling the 'empty site' was constructed by combining the 5′ and 3′ flanking sequence, 100 bp on each side excluding one copy of TSD. Thereafter the 'empty site' sequences were used to search the other genome, and the criteria for defining 'absence' is similar to that for 'presence', i.e., if the 'empty site' sequence had a match and the alignment between sequence from Nipponbare and the other genome crossed the junction point, extended at least 30 bp on each side, and the match was on the same chromosome with same orientation, the relevant element was considered to be absent from the other genome. In addition, the match had to be unique on the chromosome. If a Pack-MULE was neither in the 'presence' nor 'absence' group, it was classified as 'ambiguous', which indicates the status of the locus is uncertain. Those included if the insertion site was absent or located in sequencing gaps, the insertion site was too divergent to detect, the insertion site mapped to multiple locations, and the orientation of the insertion site is flipped or mapped to another chromosome. The Pack-MULEs that were present in the other genomes but absent from Nipponbare were not surveyed.

Statistical analyses {#SEC2-7}
--------------------

Kolmogorov--Smirnov (KS), Student\'s *t*, and χ^2^ tests were conducted using SAS/9.4. Pearson\'s *r* analyses were conducted using R/3.2.3.

Full methods and associated references are in the [Supplementary Data---Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}.

RESULTS {#SEC3}
=======

Frequent transcription and translation of Pack-MULEs {#SEC3-1}
----------------------------------------------------

A total of 2967 Pack-MULEs, which captured gene or gene fragments from 1560 unique protein-coding genes (Pack-MULE parental genes) were annotated in Os-Nipponbare-Reference-IRGSP-1.0 pseudomolecules ([@B24]) (Figure [1](#F1){ref-type="fig"}). Based on 45 diverse mRNA-sequencing (mRNA-seq) datasets and three Translating Ribosome Affinity Purification RNA-sequencing (TRAP-seq) datasets from a range of developmental stages and treatments of *Oryza sativa* cv. Nipponbare ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}; 4 callus samples, 18 reproductive and 26 vegetative samples) ([@B37],[@B39]), 92.8% of Pack-MULE parental genes (*n* = 1560) and 81.9% of all other protein-coding genes (*n* = 32 938) were expressed, consistent with the hypothesis that Pack-MULEs capture *bona fide* genes that are often expressed ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}) ([@B16]). For Pack-MULEs, 40.1% were expressed, which is significantly higher than the previously estimated 22% ([@B15]), and is ∼3-fold higher than that of other transposable element (TE) genes (10.2%) ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Classification of the 45 mRNA-seq and three TRAP-seq samples into 16 tissues revealed that Pack-MULE parental genes and other protein-coding genes had a broader breadth of expression with the majority of genes (∼65%) expressed in eight or more tissues (*χ*^2^ = 5613.2044, *P* \< 0.0001) compared to Pack-MULEs and other TE genes ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Specifically, Pack-MULE parental genes are more widely expressed than other protein-coding genes (10 versus 8 tissues, median value), but there are less constitutively expressed genes among parental genes than other protein-coding genes (9.6% versus 14.4%). Pack-MULEs showed a slightly broader expression than other TE genes ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}) with 16.2% of the Pack-MULEs (or 38% of the expressed Pack-MULEs) exclusively expressed in reproductive tissues, significantly higher than all of the other gene sets (10.6% of Pack-MULE parental genes, 12.0% of other protein-coding genes and 5.2% of other TE genes; χ^2^ = 643.96, *P* \< 0.0001, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). This contrasts with vegetative tissue-restricted expression, which was similar among Pack-MULEs (4.4%), Pack-MULE parental genes (4.3%), and other protein-coding genes (4.5%) (*P* \> 0.6) and distinct from other TE genes with a limited number with vegetative-restricted expression (1.2%) ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). It is unlikely that the enriched expression in reproductive tissues of Pack-MULEs is due to the expression specificity of their parental genes as no significant correlation was observed between expression of Pack-MULEs and Pack-MULE parental genes (Pearson\'s *r* analysis, *P* \> 0.41). This is in contrast to the retrogenes in rice, which demonstrate similar tissue specificity to their parental genes ([@B45]).

Not all transcripts are translated and evidence of translation would suggest potential function of Pack-MULEs at the protein level. TRAP-seq is a method to determine mRNAs associated with ribosomes by immuno-precipitation of ribosome-RNA complexes followed by high-throughput sequencing of the mRNAs. The ratio between TRAP-seq expression measured in fragments per kb exon model per million mapped reads (FPKM) and mRNA-seq FPKM within the same tissue, referred to as Translatome Enrichment Index (TEI), was used to determine the enrichment of mRNAs on ribosomes as previously described ([@B37]). Analysis of TRAP-seq data revealed that 72.9% of the Pack-MULE parental genes and 60.2% of other protein-coding genes had translation evidence compared to 9.0% of Pack-MULEs and 1.2% of other TE genes (Figure [2](#F2){ref-type="fig"}). Although Pack-MULEs tend to have low levels of transcription (median mRNA-seq FPKM of 1.69 versus 7.65 for Pack-MULE parental genes) and translation (median TRAP-seq FPKM of 2.99 versus 7.33 for Pack-MULE parental genes), their TEI was 1.43 which is significantly higher than their parental genes (TEI = 1.07; Kolmogorov-Smirnov (KS) test, *P* = 0.0017), other protein-coding genes (TEI = 0.87; KS test, *P* \< 0.0001), and other TE genes (TEI = 0.52; KS test, *P* \< 0.0001), suggesting that Pack-MULEs have higher translation efficiency than other TE or protein-coding genes ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). Interestingly, the number of Pack-MULEs translated in panicles was over twice (179) that in the shoots (75) and calli (79). This pattern was not observed with parental genes, other protein-coding genes, or other TE genes suggesting that Pack-MULEs may be preferentially transcribed and translated in reproductive tissues (Figure [2](#F2){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

![Transcription and translation profiles of Pack-MULEs, other TE genes, parental genes, and other protein-coding genes. (**A**) Fraction of Pack-MULEs and other TE genes with transcription and translation evidence in callus, panicle, and shoot. (**B**) Fraction of Pack-MULE parental genes and other protein-coding genes with transcription and translation evidence in callus, panicle and shoot.](gky025fig2){#F2}

In summary, the transcription and translation profiles of Pack-MULEs are distinct from other TE genes and protein-coding genes. For subsequent analyses, unless specified, we analyzed and compared: expressed Pack-MULEs (1189) which have an mRNA-seq or TRAP-seq FPKM ≥ 1 in at least one sample and/or have proteomic evidence based on previous proteomic studies ([@B46]); non-expressed Pack-MULEs (1070) which have an FPKM ≤ 0.1 in any expression dataset; the remaining Pack-MULEs (708) with 0.1 \< FPKM \< 1 were excluded from downstream analyses unless specified.

Enrichment of DNase I hypersensitive sites within Pack-MULEs and their proximal regions {#SEC3-2}
---------------------------------------------------------------------------------------

DNase I hypersensitive sites (DHSs) are genomic regions depleted in nucleosomes, enriched with *cis*-regulatory sequences and are associated with most promoters and enhancers ([@B52],[@B53]). Using a previously described rice DHSs dataset ([@B30]), we examined the presence of DHSs in the gene bodies and flanking sequences of Pack-MULEs, Pack-MULE parental genes, other protein-coding genes, and other TE genes. As shown in Figure [3A](#F3){ref-type="fig"}, the majority (82.1%) of Pack-MULE parental genes harbored at least one DHS within the gene body and 1 kb flanking sequence, suggesting the overall openness of the local chromatin. Similar fractions (66.8% versus 65.7%) of Pack-MULEs and other protein-coding genes harbored at least one DHS. By contrast, only 9.5% of other TE genes were associated with a DHS, which clearly distinguishes Pack-MULEs from other TE genes. For both Pack-MULE parental genes and other protein-coding genes, an enrichment of DHSs 0.2 kb upstream of the transcription start site (TSS) was observed, coincident with the localization of promoter sequences upstream of the TSS and active transcription. Moreover, the DHS density immediately upstream of Pack-MULE parental genes was higher than that of other protein coding genes (*t* test, *P* \< 0.0001; Figure [3B](#F3){ref-type="fig"}). In contrast, few DHSs were observed within or flanking other TE genes. Interestingly, for both expressed and non-expressed Pack-MULEs, an enrichment of DHSs in the upstream and downstream 0.2 kb flanking sequences was observed; even for non-expressed Pack-MULEs, the DHS density flanking the elements was significantly higher than that of the genome average (1.15 versus 0.16, *t* test, *P* \< 0.0001). The terminal inverted repeats (TIRs) of *MuDR* (a maize MULE element that encodes transposase) serves as the promoter for transcription of the element ([@B54]) and a higher density of DHSs was observed in the TIRs of expressed Pack-MULEs compared to non-expressed Pack-MULEs (KS test, *P* \< 0.0001), suggesting that TIRs function as promoters and direct transcription of Pack-MULEs (Figure [3B](#F3){ref-type="fig"}). Additionally, within Pack-MULE internal sequences, significantly more DHSs were present inside expressed Pack-MULEs relative to non-expressed Pack-MULEs, parental genes, and other protein-coding genes (*t* test, *P* \< 0.0001; Figure [3B](#F3){ref-type="fig"}). To determine whether transcription orientation affected DHS enrichment in TIRs, Pack-MULEs with cDNA evidence were analyzed. As shown in Figure [3B](#F3){ref-type="fig"}, TIRs upstream of the TSS seem to contain slightly more DHSs than TIRs downstream of the transcription termination site (TTS); however, the difference is not significant (*t* test, *P* = 0.3284).

![The density of DNase I hypersensitive sites for TEs, Pack-MULEs, protein-coding genes, and their flanking sequences. (**A**) Fraction of TE/protein-coding genes with at least one DHS in the gene body and 1 kb flanking sequence. (**B**) DHS density for Pack-MULEs with and without expression evidence, Pack-MULEs with cDNA evidence, Pack-MULE parental genes, other protein-coding genes and other TE genes. (**C**) DHS density for Pack-MULEs with and without protein-coding gene(s) in their 1 kb flanking sequences, protein-coding genes with and without adjacent Pack-MULEs at 5′ or 3′ end. For (B) and (**C**), the y-axis represents a weighted measure of DHSs based on the length of the sequences (DHSs per kilobase sequence). The horizontal dashed lines indicate the genome average number of DHSs per kilobase of sequences. Error bars are standard errors (SEMs).](gky025fig3){#F3}

The local genomic context can influence chromatin state and Pack-MULEs within 1 kb of protein-coding genes exhibited higher DHS density in their 0.2 kb flanking sequences compared with Pack-MULEs lacking protein-coding genes in their vicinity (*t* test, *P* \< 0.0001; Figure [3C](#F3){ref-type="fig"}), suggesting a positive effect of the presence of other protein-coding genes on the 'openness' of chromatin near Pack-MULEs. To determine whether Pack-MULEs impact the local chromatin state, we compared protein-coding genes with and without Pack-MULEs at their 5′ or 3′ end, within 1 kb flanking sequences. As shown in Figure [3C](#F3){ref-type="fig"}, protein-coding genes with adjacent Pack-MULEs at their 5′ ends exhibited significantly higher DHS density in the 5′ end regions, including upstream 0.2 kb and 0.2--1 kb flanking sequences compared with those without adjacent Pack-MULEs (*t* test, *P* \< 0.0001). Similarly, protein-coding genes with Pack-MULEs at their 3′ ends showed significant DHS enrichment in the 3′ end regions, including the downstream 0.2--1 kb sequences in comparison to those without adjacent Pack-MULEs (*t* test, *P* \< 0.0001, Figure [3C](#F3){ref-type="fig"}), suggesting that the presence of Pack-MULEs may have contributed to the 'openness' of local chromatin (also see discussion). To determine whether Pack-MULE internal sequences have a role in DHS enrichment, we compared Pack-MULEs with auto-MULEs (MULEs with partial or complete transposase sequence) since they both share similar transposon terminal regions or TIRs and therefore should have similar target specificity. Negligible DHSs were found within auto-MULEs with less DHS enrichment in the 0.2 kb flanking sequences compared to that of Pack-MULEs (*t* test, *P* \< 0.001; [Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}), suggesting that the non-TE internal sequences of Pack-MULEs may contribute to the 'open' chromatin status.

Epigenetic marks associated with Pack-MULEs, their parental genes, and other genes/TEs {#SEC3-3}
--------------------------------------------------------------------------------------

To determine the epigenetic status of Pack-MULEs, we conducted whole-genome bi-sulfite sequencing (BS-seq) and chromatin immuno-precipitation with antibodies targeting three modified histones followed by high-throughput sequencing (ChIP-seq) using both shoot and panicle tissues. Of the expressed Pack-MULEs, 72.6% had low CG methylation in their internal regions as defined by \<10% of CGs methylated in panicles, similar to parental genes (73.0%) yet substantially higher than other protein-coding genes (43.4%), non-expressed Pack-MULEs (11.5%), and auto-MULEs (1.5%) (Figure [4A](#F4){ref-type="fig"}). For CHG methylation, the majority of parental genes (96.6%) were lowly methylated (\<10% CHG methylation), followed by other protein-coding genes (82.4%), and expressed Pack-MULEs (75.6%) while only a small fraction of non-expressed Pack-MULEs (12.9%) and auto-MULEs (6.9%) were lowly methylated (Figure [4B](#F4){ref-type="fig"}). For CHH methylation, the majority of all gene sets were lowly methylated (\<10% CHH methylation) with non-expressed Pack-MULEs having the highest CHH methylation (Figure [4C](#F4){ref-type="fig"}).

![DNA methylation in rice young panicles. (A--C). Percent DNA methylation of internal regions of expressed-Pack-MULEs, non-expressed-Pack-MULEs, Pack-MULE parental genes, other protein-coding genes, and auto-MULE internal regions in CG (**A**), CHG (**B**) and CHH (**C**) contexts. (D--F) Percent DNA methylation along the length of expressed-Pack-MULEs, non-expressed-Pack-MULEs, Pack-MULE parental genes, other protein-coding genes, auto-MULEs, and LTR/gypsy elements in CG (**D**), CHG (**E**) and CHH (**F**) contexts. The entire sequence of Pack-MULEs, auto-MULEs, and LTR/gypsy elements was divided into 12 bins, with 2 bins for each TIR/LTR on both ends and 8 bins for the internal sequences. For protein-coding genes, their body sequence was divided into 12-equal-sized bins. For all datasets, the 1 kb flanking sequence was divided into 10 bins (100 bp/bin). Regions between dashed lines denote the boundary between gene/TE body and flanking sequence.](gky025fig4){#F4}

To better understand the distribution of methylation, we binned genes, Pack-MULEs, and other TEs into 12 bins and binned the 1 kb flanking regions into 10 bins. Previous studies in maize demonstrated that TE families differ in the extent of methylation dispersion with Long Terminal Repeat (LTR) elements exhibiting the most dramatic dispersion ([@B55]). In rice, LTR elements exhibited a gradual decline of methylation level based on distances from their LTRs that contrasted with a sharp boundary in methylation observed in all three cytosine contexts from the TIRs to the immediate flanking sequence for Pack-MULEs and auto-MULEs (Figure [4D](#F4){ref-type="fig"}--[F](#F4){ref-type="fig"}), suggesting that methylation of MULEs does not significantly influence the methylation of their flanking sequences. As shown in Figure [4](#F4){ref-type="fig"}, Pack-MULE parental genes had the lowest CG and CHG methylation across gene body and their flanking sequences. Expressed Pack-MULEs had similar CG methylation and slightly higher CHG methylation in their internal regions compared to Pack-MULE parental genes. In contrast, non-expressed Pack-MULEs had high CG and CHG methylation in their internal regions that was only slightly lower than that of auto-MULEs (Figure [4D](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}). Due to their repetitive nature, it is not surprising that the TIRs of Pack-MULEs were highly methylated compared with their internal regions and if TIR regions were excluded, expressed Pack-MULEs exhibited similarly low CHH methylation as Pack-MULE parental genes and other protein-coding genes, including gene bodies and their flanking sequences (Figure [4F](#F4){ref-type="fig"}). Expressed Pack-MULEs exhibited lower CG and CHG methylation than non-expressed Pack-MULEs in both TIRs and internal regions; however, dramatically higher CHH methylation was observed in the TIRs of expressed Pack-MULEs than that of non-expressed Pack-MULEs or auto-MULEs (Figure [4](#F4){ref-type="fig"}). A previous study suggested that TEs in genic regions are frequently highly methylated in the CHH context, a mechanism by which transcription initiation in TEs is inhibited ([@B56]). Indeed, the CHH methylation level of TIRs was slightly higher for Pack-MULEs that are within 1 kb of protein-coding genes than those that are not close to other genes (mean CHH methylation 19.4% versus 17.7%; KS test, *P* \< 0.01), confirming that genomic environment influences the CHH methylation of Pack-MULE TIRs or the surveillance machinery is more robust in genic regions.

In addition to DNA methylation, covalent modifications of histone proteins impact gene expression ([@B23]). The presence of active histone marks coincident with the lack of repressive marks generally corresponds to a low-level of DNA methylation indicating a high expression potential. We examined three histone marks using ChIP-seq: H3K4me3 and H4K12ac associated with open chromatin and active transcription and H3K9me2 associated with closed chromatin and a repressive state of transcription ([@B57]). For this analysis, if a gene overlapped with the peak of a histone modification enriched region, the gene was considered to harbor the histone modification. A total of 65.9% of expressed Pack-MULEs, 89.7% of Pack-MULE parental genes, and 65.5% of other protein-coding genes harbored the active histone mark, H3K4me3, in their gene bodies while a limited number of expressed Pack-MULEs (7.6%), Pack-MULE parental genes (0.7%), and other protein-coding genes (3.6%) harbored the repressive mark, H3K9me2, reinforcing the findings that expressed Pack-MULEs resemble regular protein-coding genes and maintain expression capacity (Figure [5](#F5){ref-type="fig"}). In contrast, only 9.5% of non-expressed Pack-MULEs harbored H3K4me3 yet 33.7% were associated with the repressive histone mark (H3K9me2), a trend similar to that of other TE genes (3.3% with H3K4me3 and 34.5% with H3K9me2). In contrast to the internal region of Pack-MULEs, the TIRs of Pack-MULEs were depleted in the repressive mark (H3K9me2) despite their high methylation rate (Figure [4D](#F4){ref-type="fig"}--[F](#F4){ref-type="fig"}) and expression status (bins 1--2 and 11--12, Figure [5C](#F5){ref-type="fig"}). Interestingly, expressed Pack-MULEs, parental genes, and other protein-coding genes also differ from non-expressed Pack-MULEs and other TEs in the enrichment of H4K12ac, another active histone mark. About 28.7% of expressed Pack-MULEs, 42.5% of Pack-MULE parental genes, and 35.4% of other protein-coding genes contained H4K12ac while only 6.4% of non-expressed Pack-MULEs and 7.7% of other TE genes contained this histone mark. The high frequency of active histone marks and lack of the repressive histone marks in expressed Pack-MULEs are reminiscent of protein-coding genes distinguishing them from non-expressed Pack-MULEs and other TEs (Figure [5](#F5){ref-type="fig"}). Similar patterns of methylation and histone marks were observed in shoots ([Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}).

![Fraction of TEs, Pack-MULEs, and protein-coding genes with histone modifications in rice young panicles. (**A**) H3K4me3: tri-methylation of lysine 4 on histone 3; (**B**) H4K12ac: acetylation of lysine 12 on histone 4; (**C**) H3K9me2: di-methylation of lysine 9 on histone 3 of expressed and non-expressed Pack-MULEs, Pack-MULE parental genes, other protein-coding genes, and other TE genes. Gene and TE body sequence was divided into 12-equal-sized bins and the 1 kb flanking sequence was divided into 10 bins (100 bp/bin), similar to that in Figure [4](#F4){ref-type="fig"}.](gky025fig5){#F5}

The effect of terminal and internal sequences on Pack-MULE expression {#SEC3-4}
---------------------------------------------------------------------

The above data clearly indicate that the TIR and internal regions of Pack-MULEs have distinct epigenetic features. Although the internal regions of Pack-MULEs are low copy sequences, their TIRs are repetitive and have been classified into 122 different families ([@B16]). Consistent with previous analyses on the influence of TIRs on expression ([@B15]), expression frequency of Pack-MULEs is impacted by TIR family membership as shown in [Supplementary Figure S4A](#sup1){ref-type="supplementary-material"} with five TIR families that were the most over-represented in expressed Pack-MULEs and another five TIR families that were most enriched in non-expressed Pack-MULEs (*t* test, *P* \< 0.0001). Analysis of 372 Pack-MULEs with full-length cDNA evidence showed that over half (58.6%) had transcription initiation within the TIR or not far from TIR (≤200 bp). The remainder are within flanking sequence (12.6%) or from other regions inside the element (28.8%). The predominance of transcription initiation within or close to TIRs is consistent with the observation that promoters were located inside TIRs ([@B54]). It is worth noting that a small subset of Pack-MULEs contains regulatory/promoter sequences (the sequence upstream of 5′ UTR regions) from protein-coding genes and more expressed Pack-MULEs carry regulatory sequences than their non-expressed counterparts (82 versus 52, χ^2^ test, *P* \< 0.01). In summary, specific TIR families and the presence of regulatory regions favor the expression of Pack-MULEs.

The influence of duplication and insertion time on Pack-MULE expression {#SEC3-5}
-----------------------------------------------------------------------

To test whether the age of duplicated fragments within Pack-MULEs is correlated with expression, the transversion rate (Tv) of Pack-MULE acquired regions was compared to their parental genes and used as an estimate for the time of gene duplication/acquisition by Pack-MULEs ([@B16]). Statistical analyses indicated that Pack-MULEs with an intermediate transversion rate (Tv = 1--3) were more likely to be expressed than Pack-MULEs either very young (Tv ≤ 1) or relatively old (Tv \> 3) (χ^2^ = 38.20, *P* \< 0.0001) ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Interestingly, more Pack-MULEs are expressed in pistils and developing seeds compared to male organs (i.e. anther and sperm cells, [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). Moreover, these differences are largely due to the over-representation of young and middle-aged (Tv \< 3) Pack-MULEs in pistil and young seed transcriptomes (χ^2^ test, *P* \< 0.05; [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}) suggesting that Pack-MULEs with young and middle-aged duplications are components of female and primarily female-derived transcriptome but not male organs.

In addition, the insertion time of Pack-MULEs was estimated based on presence/absence variation (Pack-MULE insertion polymorphism) between Nipponbare (*O. sativa japonica*) and five other *Oryza* genomes (see Materials and Methods for details) including three *O. sativa indica* cultivars (Zhenshan 97, Minghui 63 and Shuhui 498) ([@B58],[@B59]), which diverged from *japonica* ∼0.5 million years (MY) ([@B60]), and two wild rice species *O. meridionalis* and *O. punctata* ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). *O. meridionalis* diverged from Asian rice about 3 MY ([@B61]) and are associated with AA genotype along with the *O. sativa* genomes ([@B62]). *O. punctata*, which is associated with BB genotype, is diverged from the AA genome ∼6 MY ([@B63]). Based on the presence and absence information in these comparator genomes, Pack-MULEs were classified into five groups. The most ancient group is shared between Nipponbare and *O. punctata* and only 21 Pack-MULEs are in this group, suggesting that the majority of Pack-MULEs in Nipponbare were formed in the last 6 MY. The second ancient group of Pack-MULEs (647 elements) is shared between Nipponbare and *O. meridionalis*, which diverged more than 3 MY ago. However, 577 Nipponbare Pack-MULEs are absent from *O. meridionalis* suggesting that approximately half of the Pack-MULEs were formed in last 3 MY. The third group (522 elements) is composed of Pack-MULEs absent from *O. meridionalis* but not polymorphic between Nipponbare and the *indica* cultivars, suggestive of an insertion time of 0.5--3.0 MY, representing a mixture of recent and middle-aged elements. The fourth group (110 elements) represent elements polymorphic between Nipponbare and any one of the *indica* cultivars, and not present in *O. meridionalis*, suggestive of an insertion time of 0.5 MY. The most recent group (50 elements) are elements only present in Nipponbare and not in any of the other genomes, which are very recent insertions.

As shown in [Supplementary Table S6](#sup1){ref-type="supplementary-material"}, the insertion time of Pack-MULEs is positively correlated albeit not perfectly proportional to the transversion rate between Pack-MULEs and their parental genes. This is because duplication and transposition represent different components of the Pack-MULE activity which are not necessarily coupled (see discussion). Consistent with transversion rates, elements inserted within 0.5--3 MY are much more frequently expressed than very young (\<0.5 MY) and old elements (\>3 MY) ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). In fact, the variation of expression frequency seems to be more dramatic among groups with different insertion time than those with different transversion rate ([Supplementary Figures S4B and D](#sup1){ref-type="supplementary-material"}), suggesting that the age of the insertion maybe more critical than the age of duplication. Moreover, the elevated expression is mostly enriched in pistil and seeds ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}).

The chromosomal distribution of Pack-MULEs and its impact on expression {#SEC3-6}
-----------------------------------------------------------------------

To assess whether the genomic context affects expression status, we compared the local recombination rates and observed that expressed Pack-MULEs are located in regions with slightly higher recombination rates compared with that of all Pack-MULEs, albeit the difference is not significant (KS test, *P* = 0.2485). This contrasts with expressed protein-coding genes, which were preferentially distributed in regions of the genome with increased recombination rates (KS test, *P* = 0.0097). For simplicity, we divided the genome into two regions: euchromatic chromosome arms with relatively high recombination rates (307 Mb, 82%) and pericentromeric regions with low recombination rates (67 Mb, 18% of the genome) (see Materials and Methods for details). As shown in Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}, the pericentromeric regions are associated with fewer protein-coding genes than euchromatic chromosomal arms. Pack-MULEs demonstrate a similar distribution preference, albeit the difference between pericentromeric regions and euchromatic chromosomal arms is not as dramatic as that of protein-coding genes. Not surprisingly, protein-coding genes in pericentromeric regions are less likely to be expressed as indicated by the lower fraction of expressed protein-coding genes in pericentromeric regions than that on euchromatic chromosomal arms (Figure [6C](#F6){ref-type="fig"}, 82.2% versus 71.4%, KS test, *P* \< 0.0001). In contrast, there is no obvious correlation between the fraction of expressed Pack-MULEs and the recombination rate or locations on chromosomes (Figure [6C](#F6){ref-type="fig"}, 41.5% versus 37.8%, KS test, *P* = 0.2501). Thus, the expression of Pack-MULEs is not as influenced by the macro-environment of the chromosome as seen with protein-coding genes. The less biased expression of Pack-MULEs implies that they can create newly expressed sequences in regions with few transcripts.

![The relationship between recombination rate and distribution of Pack-MULEs and protein-coding genes. (**A**) The average recombination rates of euchromatic chromosomal arms and pericentromeric regions of all 12 chromosomes. (**B**) The distribution of Pack-MULEs and protein-coding genes on euchromatic chromosomal arms and pericentromeric regions. (**C**) The fraction of expressed Pack-MULEs and protein-coding genes on euchromatic chromosomal arms and pericentromeric regions. (**D**) The distribution of Pack-MULEs with different insertion times on euchromatic chromosomal arms and pericentromeric regions. (**E**) A diagram showing the epigenetic and expression status of Pack-MULEs.](gky025fig6){#F6}

To provide a higher resolution of the impact of local genomic region on Pack-MULE expression, we used the presence of protein-coding genes within 1 kb flanking regions of Pack-MULEs as a proxy of chromatin state. Similar fractions (41.6% versus 39.1%) of Pack-MULEs with and without nearby protein-coding genes were expressed (χ^2^ test, *P* = 0.17). Analysis of DHSs of Pack-MULEs located within pericentromeric regions revealed a higher DHS density in the 0.2 kb flanking sequences than the genomic average or average level in pericentromeric regions (0.69 vs. 0.16 or 0.07, KS test, *P* \< 0.0001), suggesting that Pack-MULEs inserted in relatively 'open' sites even in the overall 'closed' pericentromeric regions. Alternatively, the insertion of Pack-MULEs may have converted a 'closed' pericentromeric region into an 'open' pericentromeric region. Collectively, these data suggest that the genome landscape has limited impact on Pack-MULE expression potential and Pack-MULEs are likely to have an inherent capacity to be expressed and are not as dependent on the local genomic region to drive expression as are protein-coding genes.

To test whether Pack-MULEs with different ages are distributed similarly, we compared the distribution of elements with different insertion times. As shown in Figure [6D](#F6){ref-type="fig"}, the density of old Pack-MULEs (\>3 MY) was only slightly higher on euchromatic chromosomal arms than that in percentromeric regions. In contrast, the elements inserted within 0.5--3 MY were preferentially located in the euchromatic chromosomal arms, suggesting that Pack-MULEs tend to insert into euchromatic chromosomal arms but are more likely to be retained in pericentromeric regions. It is worth of mentioning that the two groups of Pack-MULEs have similar composition in terms of TIR families ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}), thus the differential distribution is not an artifact of distinct target selection specificity among different TIR families. To test whether the elevated expression frequency of the elements (0.5--3 MY) is associated with their preferential insertions on euchromatic chromosomal arms, a comparison was made between elements only on euchromatic chromosomal arms and the results were very similar to that with total elements ([Supplementary Figure S4F](#sup1){ref-type="supplementary-material"}), suggesting that the insertion time does influence the expression of Pack-MULEs.

The insertion of Pack-MULEs causes sequence flow in different chromosomal domains and increases the local GC content {#SEC3-7}
--------------------------------------------------------------------------------------------------------------------

Duplicated Pack-MULE sequences from their parental genes mostly insert into unlinked loci ([@B64]). In Nipponbare, nearly all (\>96%) of the Pack-MULE parental genes are located in high recombination regions, which is consistent with the results from a previous study ([@B22]). In contrast, Pack-MULE density in pericentromeric regions is only slightly lower than that in other regions (6 versus 8 Pack-MULEs per Mb sequence). In addition, pericentromeric regions are associated with more older Pack-MULEs (Figure [6D](#F6){ref-type="fig"}), suggesting Pack-MULEs may have been retained longer or less likely to be excluded in these regions. As a result, Pack-MULEs have been appending sequences from high recombination rate regions to low recombination rate regions, but not vice versa.

In maize, the *Mutator* element preferentially inserts into GC-rich sequences ([@B65]). To test whether rice Pack-MULEs have the same preference, we calculated the GC content of flanking sequences of Pack-MULEs. When MULEs insert into genome, they duplicate a small piece (8--11 bp) of flanking sequence, the target site duplication (TSD). As shown in [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, the sequences immediately flanking Pack-MULEs, largely representing the TSD, is very GC-poor, yet the flanking sequences beyond TSD have a GC content very close to the genomic average. As Pack-MULEs preferentially duplicate GC-rich sequences ([@B16]), the insertion of Pack-MULEs causes a dramatic transition in local GC content ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Comparison of the GC content of Pack-MULEs and their 2 kb flanking sequences (1 kbp on each side) showed that in most cases (71%) the GC content of Pack-MULEs is over 10% higher than the flanking sequences (e.g. 60% versus 50%). This number is higher for Pack-MULEs in pericentromeric regions than those in other regions (77% versus 70%, χ^2^ test, *P* \< 0.00001) as the flanking sequences of Pack-MULEs in pericentromeric regions are slightly less GC-rich than those in other regions (41% versus 43%, median value). As a consequence, the insertion of Pack-MULEs likely results in a more significant increase of local GC content in regions with low recombination rate.

DISCUSSION {#SEC4}
==========

Pack-MULEs represent a heterogeneous population with distinct epigenetic profiles {#SEC4-1}
---------------------------------------------------------------------------------

Gene acquisition by TEs (transduplication) is associated with the potential to generate new genes and increase the diversity of the gene pool by capturing and rearranging gene/gene fragments from existing genomic sequences. Although nearly all TE families can acquire gene fragments, the frequency varies dramatically ([@B66]). Moreover, the evolutionary impact and fate of transduplicated gene sequences remains largely unknown. Pack-MULEs are distinguished from the majority of other TEs in that they represent a mixture of *bona fide* TE sequences and non-TE sequences. The true TE sequences include terminal and sub-terminal sequences, which are often highly repetitive, whereas the non-TE sequences include gene fragments and their regulatory sequences, which are often low copy number sequences. Given the mixed structure, an intriguing question is whether Pack-MULEs represent an intermediate between TEs and protein-coding genes at the epigenetic level and as a consequence, have transcriptional and translational profiles associated with repressed vs. permissive genic regions.

Using a suite of large-scale datasets, we demonstrate a wide spectrum of variation in terms of expression, epigenetic, and chromatin status among rice Pack-MULEs (Figure [6E](#F6){ref-type="fig"}). For simplicity, we analyzed those with unambiguous expression evidence. Expressed Pack-MULEs (*n* = 1189, ∼40% of the total Pack-MULEs) have low DNA methylation, active histone marks, and abundant DHSs whereas non-expressed Pack-MULEs (*n* = 1070, 36% of the total) have a high level of DNA methylation, repressive histone marks, and a low density of DHSs. This integrated study, using transcriptomic, translatomic and epigenomic datasets, revealed that a majority of expressed Pack-MULEs possess features of *bona fide* protein-coding genes and thus may have the potential to be functional at the biological level.

The majority of Pack-MULEs were formed in the past six million years {#SEC4-2}
--------------------------------------------------------------------

In this study, we used two distinct approaches to determine the origin of Pack-MULEs. The transversion rate between Pack-MULEs and their parental genes refers to the initial time when the duplication event occurred. The transversion rate could be influenced by functional constraints on the duplicated copies as well as the epigenetic state of the element. We also estimated the insertion time of the Pack-MULEs with the assumption that polymorphic insertions were formed after the divergence of the two relevant genomes, which is not always true. Moreover, not all insertion loci are conserved in all genomes, and most genome assemblies are incomplete, thus, only a portion of the elements can be evaluated by this method. As a result, the two approaches evaluate different features, and both are associated with advantages and disadvantages. Regardless, the positive correlation between the two methods, i.e. older insertions are associated with higher transversion rate ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}), suggests the credibility of the approaches.

To date, it is unclear whether the gene duplication process is associated with the transposition process. Since some Pack-MULEs are associated with multiple copies ([@B15]), it is not certain that every transposition event is coupled with a new duplication event. This implies that a new insertion or a new element could carry an old duplication through inheritance from its ancestral copy or alternatively, the duplication event occurred between two Pack-MULEs. This explains why the transversion rate is not perfectly proportional to the insertion time.

The fact that *O. punctata* shares few Pack-MULEs with Nipponbare indicates that the majority of the ∼3000 Pack-MULEs were formed after the divergence of AA and BB genomes, which was about 6 MY, suggesting that transposable elements could rapidly shape host genomes. This does not imply that there was little Pack-MULE activity prior to the divergence of the AA and BB genomes, it only indicates that Pack-MULEs would become unrecognizable after 6 MY. It is apparent that the activity of Pack-MULEs continued as the AA genomes diverged into different species, with about half of them formed in last 3 MY. Interestingly, the elements with the highest expression potential are those that inserted within 0.5 to 3 MY with expression enriched in pistil and seeds ([Supplementary Figures S4D and E](#sup1){ref-type="supplementary-material"}). In animals, new genes are initially expressed in male reproductive tissues such as testis, and an 'out of testis' hypothesis was proposed for the emergence of new genes ([@B67]). If expression is the first step for Pack-MULEs to evolve a function, it should be 'out of pistil and seeds'.

Open chromatin favors insertion and sequence acquisition by Pack-MULEs {#SEC4-3}
----------------------------------------------------------------------

Previous studies indicate that MULEs and Pack-MULEs preferentially insert at the 5′ end of protein-coding genes ([@B65],[@B68]) with the highest density within 500 bp upstream of transcription start sites ([@B64]). In this study, we demonstrate that this is the region with the highest DHS density (Figure [3B](#F3){ref-type="fig"}). Even for Pack-MULEs located within pericentromeric regions, the DHS density in their flanking sequences is much higher than genomic average, suggesting that open chromatin favors the targeted insertion bias of MULEs. Alternatively, the insertion of Pack-MULEs may enable the surrounding sequences to become more relaxed. With respect to acquisition, Pack-MULE parental genes are flanked with more DHSs than other protein-coding genes (Figure [3B](#F3){ref-type="fig"}), are associated with higher GC content, have a wider expression breadth, and have lower levels of methylation ([@B16],[@B22]). It remains unresolved whether these characteristics (expression, GC content, and methylation) directly influence sequence acquisition by Pack-MULEs (e.g. the acquisition machine interacts with transcription machinery) or as these features are associated with open chromatin they may simply provide a physical environment that is permissive for acquisition.

Although open chromatin favors both insertion and acquisition of Pack-MULEs, it appears that the acquisition process is more selective. This is revealed by the fact that nearly all Pack-MULE parental genes are located in regions with high recombination rates whereas Pack-MULE density is only slightly higher in these regions (see Results). This seems to imply that transposition and acquisition specificity are controlled by different machineries. Alternatively, Pack-MULEs in regions with low recombination rates are less likely to be excluded, which is supported by the observation that they are in general older than their counterparts in other regions. This could be due to the more effective elimination of non-essential sequences in high recombination regions, or there is a selective advantage for the retention of Pack-MULEs in low recombination regions. The two possibilities are not mutually exclusive.

Expression of Pack-MULEs is largely independent of its genomic environment {#SEC4-4}
--------------------------------------------------------------------------

Our analyses clearly indicate that Pack-MULE expression is correlated with epigenetic state, especially chromatin accessibility. However, little is known about the initial 'trigger' to induce the active or repressive state. For protein-coding genes, expression is often influenced by genomic context. For example, in *A. thaliana*, paralogous or duplicated genes demonstrate significant differential expression depending on their genomic location ([@B69]). In this study, we also detected a positive correlation between expression of protein-coding genes and local recombination rate (Figure [6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}). Given these facts it is surprising to observe that the expression of Pack-MULEs is largely independent of either recombination rate or distance to protein-coding genes, suggesting that Pack-MULE expression potential is not determined by the local genomic environment.

An alternative explanation for the lack of correlation between expression status and genomic environment of Pack-MULEs is the target specificity of insertion in which Pack-MULEs are inserted within open chromatin regardless of the overall local genomic region, providing the fundamental requirement for transcription. This is consistent with the observation that for all Pack-MULEs, the DHS density in the flanking sequence is dramatically higher than the genomic average. Alternatively, Pack-MULEs themselves could promote the relaxation of local chromatin even within relatively 'closed' chromatic regions thereby creating a favorable environment for its expression. This hypothesis is supported by the higher than genomic average DHS density in the immediate flanking sequences of Pack-MULEs located in pericentromeric regions and by the location-specific enrichment of DHSs for protein-coding genes with adjacent Pack-MULEs at the 5′ and 3′ flanking sequences compared to those without adjacent Pack-MULEs (Figure [3C](#F3){ref-type="fig"}). However, we cannot rule out the possibility that an unusual distribution of DHSs existed prior to the insertion of the Pack-MULEs.

The insertion and expression of Pack-MULEs result in re-distribution of GC-rich sequences on chromosomes {#SEC4-5}
--------------------------------------------------------------------------------------------------------

As shown by this and other studies, true transposon sequences such as TIRs only remain recognizable for a few million years ([@B70]) and likewise, an expressed Pack-MULE is largely indistinguishable from other genic sequences a few million years after their formation. This implies that the current recognizable Pack-MULEs may only represent a small subset of such elements that have been generated in the genome, and Pack-MULEs have duplicated and transposed large amount of genomic sequences over the course of evolution. Thus, we cannot rule out the possibility that some of the 'normal' GC-rich genes are ancient Pack-MULEs.

The grass (Poaceae) genomes including that of rice, are distinguished from dicot genomes (such as that of Arabidopsis) by the presence of GC-rich genes ([@B71],[@B72]). It has been proposed that GC-biased gene conversion (gBGC) is primarily responsible for the evolution of GC content ([@B73],[@B74]), a process that results in gene alleles with G/C at heterozygous sites being preferentially retained during recombination compared to alleles with A/T at heterozygous sites leading to high GC content at regions with high recombination rates. In *Gallus gallus*, for example, the variation of GC content is largely dependent on recombination rate (correlation coefficient = 0.89) ([@B75]); however, no significant correlation between GC content and recombination rate was observed in rice ([@B37],[@B38],[@B75]).

The correlation between GC content and recombination rate requires: (i) there is no significant mobility of sequences among chromosomal domains with distinct recombination rates and (ii) the local recombination rate remains stable for an extended time. Clearly, Pack-MULEs are capable of duplicating GC-rich sequences from regions with high recombination rates and inserting into those with low recombination rates. Furthermore, when Pack-MULE insertion alters the local GC content as well as the expression status, it is possible that the local recombination rate would change as well, thus further complicating the relationship between GC content and recombination. As a result, it is conceivable that the exceptional abundance of Pack-MULEs in rice may have, at least partially, masked the effect of gBGC.

The alteration of local GC content and expression status may further influence the future evolution of relevant regions. GC-rich sequences tend to augment bendability and the ability to undergo a B-Z transition of DNA helical structure, which is often associated with open chromatin ([@B76]). This is consistent with the fact that Pack-MULEs are associated with a high density of DHSs. Different types of transposons have distinct target selection in terms of chromatin structure and GC content. For example, the *Dasheng* and *RIRE2* retrotransposons in rice preferentially insert into the condensed heterochromatic regions with AT-rich sequences ([@B77],[@B78]), and the insertion of more retrotransposons often causes further expansion of heterochromatin. In this case, an expressed Pack-MULE in an otherwise silenced chromosomal domain may influence the further insertion of transposons and mitigate the expansion of heterochromatin.

The sequence of Pack-MULEs determines their expression status {#SEC4-6}
-------------------------------------------------------------

While chromatin state is critical for expression, regulatory sequences that drive transcription seem to originate from the Pack-MULE itself. Given the fact that Pack-MULEs carry gene fragments, it is intuitive that some of them may carry regulatory regions from normal protein-coding genes, and that these regulatory sequences direct the transcription of Pack-MULEs. Indeed, a small subset of Pack-MULEs (∼6%) contain recognizable gene regulatory sequences and these elements are slightly enriched among elements with expression evidence ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}), suggesting that the regulatory sequences can contribute to the expression of Pack-MULEs but are not essential for expression of all Pack-MULEs.

Multiple lines of evidence suggest that the TIR region of Pack-MULEs may have an important role in expression. First, a previous study showed that TIRs of *MuDR* harbor promoters for transcription ([@B54]), and the majority of transcription start sites are either within TIRs or close to TIRs. Second, Pack-MULEs with different TIRs demonstrate differential expression frequency. Third, only a limited number of Pack-MULEs carry recognizable regulatory sequences from genes, suggesting that the majority of Pack-MULEs are not reliant on acquisition of regulatory sequences for their expression. Fourth, repressive histone marks are absent from Pack-MULE TIRs (Figure [5](#F5){ref-type="fig"}). Lastly, there is a distinct difference between expressed and non-expressed Pack-MULEs in terms of DHS density, i.e. DHSs are nearly absent inside non-expressed Pack-MULEs while expressed Pack-MULEs have a higher frequency of DHSs than the genome average (Figure [3B](#F3){ref-type="fig"}). The higher DHS density in the TIR relative to the internal region of Pack-MULEs (Figure [3B](#F3){ref-type="fig"}) is reminiscent of promoter and gene body regions of protein-coding genes, although protein-coding genes are only associated with high DHS density at the 5′ end whereas Pack-MULEs are associated with high DHS density at both 5′ and 3′ ends, consistent with the observation that some Pack-MULEs are expressed bi-directionally ([@B15]). If TIRs serve as promoters, it explains why the tissue specificity between Pack-MULEs and their parental genes is not correlated. On the other hand, the alteration of expression specificity conferred by Pack-MULEs would favor the generation of novel function.

Differential methylation of Pack-MULE internal regions and TIRs {#SEC4-7}
---------------------------------------------------------------

A characteristic feature of expressed Pack-MULEs is the high DNA methylation of the TIRs, which immediately flank internal sequences that are lowly methylated. For non-expressed Pack-MULEs, both TIR and internal regions are associated with high methylation in the CG and CHG contexts. This is in contrast to CHH methylation of TIRs, with which expressed Pack-MULEs contained much higher CHH methylation than non-expressed Pack-MULEs. This is unexpected given the fact that non-CG methylation is linked to KRYPTONITE-dependent H3K9me2 in *A. thaliana* ([@B79]) which causes transcription suppression. However, neither high H3K9me2 deposition nor suppression of expression was observed for the Pack-MULEs with TIRs highly methylated in the CHH context. Thus, either the epigenetic regulation is distinct in grasses compared to that in dicots or the TIR (on average ∼200 bp) is too small to recruit the suppression machinery. As a result, high CHH methylation itself may not cause silencing unless it is coupled with suppressive marks and closed chromatin. For TEs in genic regions in maize, Gent *et al.* found that TEs close to cellular genes are highly methylated in the CHH context and that this *de novo* DNA methylation is a strategy for the genome to avoid transcription of TEs, yet maintain active transcription of cellular genes close to those TEs ([@B19],[@B56]).

In *A. thaliana*, TEs are separated into two classes based on their epigenetic status ([@B80]). One class is present in large constitutive heterochromatic regions and their CHH methylation is maintained by Chromomethylase 2 (CMT2) while the other class is located near genes where CHH methylation is constantly targeted via RNA-directed DNA methylation (RdDM). Given such distinction, one explanation for the high CHH methylation of TIRs of expressed Pack-MULEs is that those TIRs are recognized as genic 'TEs' and are subjected to reinforced CHH methylation through RdDM, since TIRs are associated with a high abundance of siRNAs ([@B81]). The constant targeting by RdDM leads to increased methylation levels. In this scenario, the internal regions of expressed Pack-MULEs are sensed as active genes, and the high CHH methylation of their TIRs is the consequence of expression, not the reason for expression. This is consistent with the recent finding that transcriptional activation triggers additional RdDM mechanisms ([@B82]). This also explains why the proximity of Pack-MULEs to protein-coding genes is correlated with the CHH methylation in the TIR but not significantly with the expression of Pack-MULEs. In contrast, non-expressed Pack-MULEs are recognized as TEs in heterochromatic regions as the CHH methylation of TIR and internal region are not dramatically different. Alternatively, the transition of CHH methylation (from high to low) in the expressed Pack-MULEs may actually favor the expression of downstream sequences, consistent with the finding that highly expressed genes are enriched with CHH methylation islands upstream of promoters ([@B83]). Future experiments are required to assess the relationship between CHH methylation and expression.

Taken together, we have proposed a model for the evolutionary trajectory of Pack-MULEs. Due to their target specificity, most Pack-MULEs insert into the regions with open chromatin, despite the distance to protein-coding genes. However, Pack-MULEs in pericentromeric regions are more likely to be retained and accumulate, thus with more impact on GC content in those regions in the evolutionary scale. Not all newly formed Pack-MULEs have the same potential to be expressed. For example, young Pack-MULEs with high similarity among individual copies and high similarity to their parental genes lead to more abundant siRNAs ([@B15],[@B81]) and thus increased silencing. Moreover, TIR family and internal sequence, also influence the expression of the elements. As such, Pack-MULEs likely evolve in two directions, with some harboring low DNA methylation, active histone marks, and open chromatin and as a consequence are often expressed; the other group having high DNA methylation, repressive histone marks, and 'closed' chromatin, and thereby silenced. As time elapses and Pack-MULEs enter 'middle age', the initial silencing of some Pack-MULEs is released and more Pack-MULEs are expressed ([Supplementary Figures S4B and C](#sup1){ref-type="supplementary-material"}). Such release predominates in reproductive tissues likely because TEs undergo developmental relaxation of silencing in these tissues ([@B84]). Elements that confer increased fitness are selected for and remain active. With increased age, Pack-MULEs that are not beneficial gradually lose their expression potential and are silenced again. Thus, the 'middle-aged' Pack-MULEs are associated with higher expression frequency than either very young or very old Pack-MULEs ([Supplementary Figures S4B and C](#sup1){ref-type="supplementary-material"}). After a few million years, Pack-MULEs are no longer recognizable---they appear as normal genes, or become pseudogenes and eventually lost from the genome. From this perspective, Pack-MULEs represent natural 'cloning labs' that not only provide raw materials for natural and artificial selection, but also influence the overall genome structure and evolution.

### Concluding remarks {#SEC4-7-1}

In this study, we demonstrate that Pack-MULEs represent a heterogeneous population, and the evolutionary trajectory of individual Pack-MULEs is determined by their epigenetic status. Expressed Pack-MULEs largely resemble protein-coding genes in terms of methylation, histone mark and openness of chromatin, suggesting their functional role *in vivo*. However, there are differences between Pack-MULEs and regular protein-coding genes. Pack-MULEs are preferentially transcribed and translated in reproductive tissues, and it would be intriguing to test whether this is associated with selection of seed traits in rice. Expressed Pack-MULEs are associated with high CHH methylation levels (higher than any other genomic components) within the TIRs, which harbor regulatory sequences for Pack-MULE expression. The negative correlation between expression and CHH methylation contradicts the dogma of suppressive role of CHH methylation on expression suggesting alternative mechanisms may be at play. Unlike protein coding genes, the expression potential of Pack-MULEs is not dependent on the local genomic environment, suggesting that Pack-MULEs either preferentially insert into open, expression-permissive regions of the genome or alternatively, create expression competence following insertion. As Pack-MULEs duplicate GC-rich genes from their parental genes, which are mostly located in regions with high recombination rate, insertion of Pack-MULEs into regions with low recombination rate, results in an elevation of the local GC content thereby influencing the distribution of GC-rich sequences along the chromosome and a breakdown in the correlation between recombination rate and GC-content. As a result, the insertion and expression of Pack-MULEs alter chromosomal base composition and expression patterns, and as a consequence, the future evolution of chromosome structure.
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